Introduction
The phenomenon of axon pathfinding is best explained by an axon guidance mechanism [1] [2] [3] . Recent findings have shown that several Wnt members and Sonic hedgehog (Shh) control axon projections along the anterior-to-posterior (A-P) axis of the developing spinal cord. In the mouse spinal cord, Wnt4-Frizzled 3 interactions attract commissural axons to ascend anteriorly [4] , whereas Wnt5a/Wnt1-Ryk interactions repel descending corticospinal axons posteriorly [5] . In the chick spinal cord, Shh also directly repels anterior projecting, midline commissural axons by interacting with Hip and it indirectly attracts these axons by regulating Wnt activity [6, 7] . However, the molecular mechanisms controlling other axon projections in the developing spinal cord have not been investigated, particularly those guiding important descending nerve pathways, such as the raphespinal, rubrospinal, tectospinal and reticulospinal tracts [8] [9] [10] [11] . Among these descending nerve tracks, the serotonergic projections of the brainstem raphe nuclei originate from the caudal raphe nuclei (CRN; B1-B3) and descend along the spinal cord, together constituting the serotonergic raphespinalthe molecular mechanisms underlying the guidance of the descending serotonergic RST in the mouse spinal cord have not been identified.
To investigate the molecular mechanisms underlying the guidance of the descending serotonergic RST in the mouse spinal cord, we studied the projection pattern of the serotonergic RST in mice. We found that serotonergic RST axons originate from the CRN beginning at stage E11.5. The pioneer axons of the serotonergic RST begin projecting to the spinal cord at E12.5. Between E12.5 and E16.5, these serotonergic RST axons continue to descend along the ipsilateral ventral spinal cord until they reach the caudal-most part of the spinal cord. All serotonergic RST axons are specifically restricted to the ventral and ventral-lateral funiculus as they descend through the ventral spinal cord.
Shh signaling components are involved in axon guidance [6, [15] [16] [17] [18] . The canonical Shh signaling pathway is initiated by the binding of Shh to Patched (Ptch), a 12-pass transmembrane receptor. This binding relieves Ptch inhibition of Smoothened (Smo), a 7-pass transmembrane protein. Smo, which is also a G-protein-coupled-like receptor, initiates intracellular signal transduction that ultimately leads to growth cone movement [16, 17, 19] . Given the specific expression pattern of Shh in the floor plate and its subsequent diffusion into the ventral spinal cord [20, 21] , we hypothesized that Shh is a potential axon guidance cue for descending serotonergic RST axons in the ventral spinal cord. Using in situ hybridization and immunostaining, we found that a high-to-low expression gradient of Shh was maintained in both the A-P and medial-to-lateral (M-L) directions during RST projection. Patched 1 (Ptch1) and Smo [22] were temporally expressed in serotonergic neurons of the CRN and enriched in the projecting serotonergic RST axons at different time points. In functional assays using Shh antibodies along with a Smo antagonist (SANT-1) [16] and Ptch1
Δloop2 -expressing serotonergic RST axons [17, 23] , we demonstrated that both A-P and M-L, Shhdependent, graded repulsions of serotonergic RST axons were mediated by Shh-Ptch1 interactions and derepression of Smo. Prominent axon pathfinding errors of serotonergic RST axons have been observed in the A-P and M-L directions in the spinal cord of various mutant mice such as Shh null mice [24] , Shh loxp/− hypomorphic mice [25, 26] 
, Ptch1
Δloop2 electroporated mice and NestinCre; Smo −/− mice [27] [28] [29] . Our evidence strongly supports that Shh signaling directly repels descending serotonergic RST axons posteriorly, and repulsively restricts these axons to the ventral and ventral-lateral funiculus by Shh-Ptch1 interactions and derepression of Smo. Therefore, Shhmediated multidirectional repulsion is required for the three-dimensional axon pathfinding of serotonergic RST axons in the developing spinal cord. Our findings expand our knowledge about axon guidance mechanisms in the mammalian spinal cord and identify other A-P guidance cues, in addition to the Wnt family. Moreover, our findings suggest a model in which a single axon guidance cue simultaneously provides multidirectional information for proper positioning of specific fiber tracts.
Results

Shh secreted from the floor plate establishes a decreasing A-P gradient in the developing spinal cord
To explore the entire trajectory of serotonergic RST axons during development of the spinal cord, 5-hydroxytryptamine (5-HT) antibody immunostaining was applied to whole mounts and transverse sections of the spinal cord to label the projection of serotonergic RST axons. We found that serotonergic RST axons originated from stage E11.5 CRN and that pioneer axons initiated their projection into the spinal cord at E12.5 (Supplementary information, Figure S1A ). These axons descended through the ventral spinal cord in the A-P direction until they reached the caudal end of the spinal cord at E16.5 (Supplementary information, Figure S1A , S1C, S1E and S1G). From E12.5 to E16.5, all descending serotonergic RST axons were restricted specifically inside the ventral spinal cord, including the ventral and ventral-lateral funiculus (Supplementary information, Figure S1B , S1D, S1F and S1H). Axonal branching into the gray matter of the ventral spinal cord was observed at E16.5, the same time as the RST completed its projection through the spinal cord (Supplementary information, Figure S1H ).
Shh is strongly expressed in the floor plate during early embryonic stages and diffuses into the ventral spinal cord to form a ventral-dorsal decreasing gradient [15, 25, 30] . Here, we investigated Shh expression patterns along the A-P axis of the spinal cord. At E12.5, descending serotonergic RST axons began projecting into the spinal cord, where the gradient of the guidance molecule(s) is thought to be established prior to axon arrival. The region between the upper cervical and thoracic spinal cord was dissected out and used to prepare a horizontal section. Serial transverse sections were cut at 800-µm intervals every section along the A-P axis. In situ hybridization revealed a high-to-low gradient of Shh mRNA along the A-P axis of the E12.5 spinal cord ( Figure 1A cervical and thoracic spinal cord ( Figure 1B) . Similarly, immunostaining with anti-Shh revealed a high-to-low gradient of Shh protein along the A-P axis of the E12.5 spinal cord ( Figure 1C and 1D ). Serotonergic RST axons reached the thoracic spinal cord at E13.5 (Supplementary information, Figure S1C ) and reached the lumbar spinal cord at E14.5 (Supplementary information, Figure S1E ). At E13.5 and E14.5, we found that the A-P Shh mRNA gradient was extended and fully covered the continuous projection of descending serotonergic axons along the A-P axis of the developing spinal cord ( Figure 1E , 1F, 1G and 1H). It thus seemed likely that the pathfinding of these axons was directed by a high-to-low Shh gradient. In summary, we hypothesized that in addition to Shh diffusion in the ventral spinal cord, Shh also establishes a gradient along the A-P axis of the ventral spinal cord, coincident with the pathway along which serotonergic RST axons descend ( Figure 1I ). Serotonergic RST axons arrive at the cervical spinal cord at E12.5. At the same time, a decreasing A-P Shh gradient is set up along the projecting pathway and may repulsively guide these axons to project posteriorly during later stages of spinal cord development ( Figure 1I ). In addition, this repulsion may also restrict the RST axons to the ventral and ventral-lateral funiculus as a result of Shh diffusion from the floor plate, which establishes a decreasing gradient from the midline to the lateral edge of the ventral spinal cord ( Figure 1I ).
Ptch1 and Smo are expressed in CRN neurons and descending RST axons
Because Shh is a potential repellent that may guide descending serotonergic axons along the ventral spinal cord, we also examined the expression pattern of downstream components of the Shh signaling pathway, including Ptch1 and Smo. We postulated that Ptch1 and Smo are expressed in serotonergic neurons of the CRN and transported to the growth cone of projecting RST axons. Ptch1 may, therefore, interact with diffusible Shh, which is expressed in the ventral spinal cord, to relieve Ptch1 inhibition of Smo. Using in situ hybridization, Ptch1 and Smo were found to be strongly expressed in the ventral side of the E12.5 caudal brainstem, which contains the serotonergic CRN ( Figure 2B and 2C ). This temporal expression pattern of Ptch1 and Smo correlated with the initiation of serotonergic RST axon projection into the E12.5 spinal cord, indicating that Ptch1 and Smo are the critical downstream molecules mediating the Shh guidance signaling beginning at stage E12.5.
If Shh signaling directly guides serotonergic axon pathfinding through the ventral spinal cord, then Ptch1 and Smo expression should be maintained in the projecting axons coincident with the sustained Shh gradient. To confirm this hypothesis, we conducted co-immunostaining of the E12.5 caudal brainstem containing the CRN and pioneer axons of the descending serotonergic RST. We found that both Ptch1 and Smo were expressed specifically in serotonergic neurons of the E12.5 CRN and pioneer serotonergic RST axons ( Figure 2D and 2E). 
Diffusible Shh protein repels serotonergic RST axons via Ptch1 and Smo
To verify the repulsion of serotonergic RST axons by diffusible Shh, we identified the area in the CRN where serotonergic RST axons originate at E12.5 by wholemount immunostaining with anti-5-HT ( Figure 3A ). E12.5 CRN explants were subsequently co-cultured with COS1 cell aggregates transfected with an Shh expression construct or an empty vector. Shh expression in transfected COS1 cells was examined by immunostaining using anti-Shh (Supplementary information, Figure S4 ). Serotonergic RST axons growing from E12.5 CRN explants were repelled strongly by Shh-expressing COS1 cell aggregates, whereas serotonergic RST axons showed no directional response to control vector-transfected aggregates ( Figure 3B Δloop2 with enhanced green fluorescence protein (EGFP). Ptch1
Δloop2 was expressed in serotonergic axons growing from CRN explants by ex utero electroporation ( Figure 3A) . Ptch1 npg axons showed no detectable response to Shh protein secreted from COS1 cell aggregates ( Figure 3C ). The specific co-immunostaining pattern of EGFP and 5-HT in the axons is shown in high-magnification images in Supplementary information, Figure S5 . Ptch1
Δloop2
blocked Shh-dependent axon repulsion, indicating that interactions between Shh and Ptch1 are required to activate this repulsion. We also used this robust in vitro assay to further assess the molecular mechanism of axon guidance by Shh. We inhibited Smo by the addition of SANT-1 [16] , an antagonist of the Shh pathway that binds Smo directly. Addition of SANT-1 to the culture system blocked Shh repulsion, and no differences in axon orientation were observed compared to control cultures ( Figure 3D ). The fact that SANT-1 blocked Shh-dependent axon repulsion indicated that derepression of Smo is required to activate the repulsion.
Quantification of axon growth was performed by calculating the axon proximal/distal (P/D) ratio from at least five experimental replicates. Shh repulsion was significantly blocked by Ptch1
Δloop2 or SANT-1 ( Figure  3E ). In this functional assay, there were no significant fluctuations in the average axon length in any of the experimental groups. These results indicated that diffusible Shh protein repels serotonergic RST axons growing from the E12.5 CRN in vitro and that this repulsion is mediated by Shh signaling. Therefore, we deduced that, in the A-P direction, graded repulsion directs the serotonergic RST axons caudally through the ventral spinal cord. Moreover, because this repulsion may also exist in the M-L direction in the ventral spinal cord, Shh may also be capable of simultaneously restricting these axons in the direction of the ventral and ventral-lateral funiculus.
A-P graded repulsion is mediated by Shh signaling
To verify our hypothesis that serotonergic RST axons are guided posteriorly by an A-P graded repulsion via Shh signaling, we established a functional assay, the A-P graded assay. This assay allows for observation of the effects of the ventral spinal cord Shh gradient on descending RST axons. In this assay, we placed three E12.5 CRN explants at different points along the A-P axis, facing the ventral side of the ipsilateral spinal cord ( Figure 4A ), which was expected to secrete diffusible axon guidance cues and to direct the serotonergic RST axons. The CRN explants and ventral spinal cord then were co-cultured for 60 h in a collagen system. Wholeculture immunostaining with anti-5-HT was used to confirm that serotonergic RST axons were growing from the CRN explants. We found that the entire ventral spinal cord displayed an A-P graded repulsion toward serotonergic RST axons growing from the CRN explants, with the anterior spinal cord displaying a stronger effect than the posterior spinal cord ( Figure 4B ). This finding provided further evidence that a diffusible axon guidance cue from the ventral spinal cord establishes a high-to-low repulsive gradient and directs serotonergic RST axons to project into the caudal segment of the ventral spinal cord.
We used an Shh blocking antibody (5E1), constitutive inhibition of Ptch1 (Ptch1 Δloop2 ex utero electroporation) and SANT-1 to effectively block A-P graded repulsion in the ventral spinal cord ( Figure 4B ). The specific, axonal, co-immunostaining pattern of EGFP and 5-HT is shown in high-magnification images in Supplementary information, Figure S6 . The Shh antibody showed a weaker inhibitory effect than either SANT-1 or Ptch1
Δloop2 ex utero electroporation, as ligand-targeted inhibitors usually are less efficient than receptor-targeted inhibitors. The P/D ratios of axon outgrowth differed significantly between experimental groups, which further verified our hypothesis ( Figure 4C ). We concluded that the A-P repulsion guiding the posterior projection of serotonergic RST axons is produced by the ventral spinal cord and reflects diffusible Shh protein originating from the floor plate and establishing a strong-to-weak gradient along the A-P axis of the ventral spinal cord. The repulsion of serotonergic RST axons is mediated by Shh binding to Ptch1 and subsequent derepression of Smo.
M-L graded repulsion is mediated by Shh signaling
The above data showed that Shh signaling guides d e s c e n d i n g s e r o t o n e rg i c R S T a x o n s p r ojecting posteriorly by a decreasing A-P repulsion gradient. We also noted that posteriorly projecting serotonergic RST axons are tightly restricted to the ventral and ventrallateral funiculus when they are descending through the ventral spinal cord. It is well established that Shh diffuses through the entire ventral spinal cord. Therefore, it is likely that Shh guides the pathfinding of serotonergic RST axons by multidirectional repulsion, where Shh directs axons in the A-P direction and simultaneously restricts them in the M-L direction to the ventral and ventral-lateral funiculus. To verify this hypothesis, E12.5 CRN explants were dissected and placed at the lateral side of slices dissected from the ipsilateral spinal cord (Supplementary information, Figure S7A ) before co-culture in a collagen system. Whole-culture immunostaining with anti-5-HT was used to confirm that serotonergic RST axons originated from the CRN explants. We found that a diffusible repellent was secreted from the ventral spinal cord in an M-L direction and repelled serotonergic RST axons from the E12. information, Figure S7B ). As expected, this repulsion was blocked effectively by the addition of either anti-Shh, SANT-1 or the expression of Ptch1
Δloop2 in the serotonergic axons growing from the E12.5 CRN explants. However, the blocking efficiency of anti-Shh was slightly less than that of SANT-1 or Ptch1
Δloop2 (Supplementary information, Figure S7B ). The P/D ratios of axon outgrowth differed significantly between groups, which demonstrated that repellent Shh signaling is also in the M-L direction, and restricts Figure 4 A-P graded repulsion is mediated by Shh signaling. (A) Schematic depiction of the A-P graded assay. After dissecting the ipsilateral CRN and spinal cord of E12.5 embryos, three CRN explants were placed at intervals along the ventral spinal cord in the A-P direction. After culture, immunostaining with anti-5-HT was used to confirm that descending serotonergic RST axons were growing from the CRN explants. (B) Decreasing A-P repulsion of serotonergic RST axons was detected clearly along the ventral spinal cord in the A-P assay. This graded repulsion was abolished effectively when the Shh antibody (5E1) or SANT-1 was added to the co-culture system or when Ptch1 ∆loop2 was expressed in serotonergic RST axons by coculturing the Ptch1 ∆loop2 -electroporated CRN with the ventral spinal cord. White arrowheads indicate deflected axons. White dashed lines outline the boundary of the ventral spinal cord. Scale bar: 100 µm. (C) Quantification of axon outgrowth in the A-P assay. Axon outgrowth was measured using the P/D ratio. A-P graded repulsion was abolished after the Shh signaling components were blocked individually. The experiment was replicated at least five times. Statistical analysis was performed using the Student's t-test. Figure 5B and 5C ). These data strongly suggested that graded Shh concentrations repel the serotonergic axons in the M-L direction, and restrict them to the ventral and ventral-lateral funiculus.
To further verify that serotonergic RST axons are guided by an M-L graded repulsion via Shh signaling, we also established a functional assay, the M-L graded assay. In this assay, we cut out three explants from the ventral spinal cord in the M-L direction (A, B and C explants) and co-cultured each with the E12.5 CRN explant ( Figure 5D ). Whole-culture immunostaining with anti-5-HT was used to confirm that serotonergic RST axons were growing from the CRN explants. We found that the explants from the ventral spinal cord displayed an M-L graded repulsion toward serotonergic RST axons growing from the CRN explants, with the medial spinal cord displaying a stronger effect than the lateral spinal cord ( Figure 5E ). This graded repulsion provided further evidence that diffusible Shh from the floor plate establishes a high-to-low repulsive gradient in the M-L direction and restricts the descending serotonergic RST axons to the ventral and ventral-lateral funiculus. We used antibody 5E1, Ptch1
Δloop2 ex utero electroporation and SANT-1 to effectively block the M-L graded repulsion of Shh ( Figure 5E ). The P/D ratios of axon outgrowth differed significantly between experimental groups, which verified our hypothesis ( Figure 5F ). From the above data, we concluded that the repellent Shh guides the posterior projection of serotonergic RST axons in the A-P direction and simultaneously restricts these descending axons to the ventral and ventral-lateral funiculus in the M-L direction. The multidirectional repulsion of serotonergic RST axons is mediated by Shh binding to Ptch1 and subsequent derepression of Smo. Our results strongly suggested that Shh multidirectional repulsion is highly efficient and determines the spatial pathfinding of RST axons along the A-P and M-L directions in a concurrent and coordinated manner.
Shh signaling is required for the spatial pathfinding of serotonergic RST axons
Because the Shh signaling pathway plays several roles in determining the fate of various cells during development of the central nervous system, including serotonergic neurons in the brainstem, Shh loxp/− hypomorphic mice were used to analyze the role of Shh in axon guidance. According to the previous studies, the efficiency of Shh precursor processing was reduced in Shh loxp/− mice due to the loxp sequence insertion flanking the processing domain. The Shh loxp/− mice thus display hypomorphic activity, but no defects in cell differentiation or migration [25, 31] . To exclude the possibility that the patterning of the spinal cord was affected by interference with Shh function, we used immunostaining for several markers to examine patterning in the E11.5 Shh loxp/− spinal cord. We did not observe any defect in spinal cord patterning after immunostaining for Pax6, NKX2.2, NKX6.1, Foxa2 or Olig2 (Supplementary information, Figure S8A ). In addition, there was no obvious reduction in the number of serotonergic neurons in the E14.5 Shh loxp/− raphe nuclei (Supplementary information, Figure S9 ). These results indicated that we analyzed the phenotype in Shh loxp/− mice under an unbiased condition. Whole-mount immunostaining with anti-5-HT showed that the length of serotonergic RST axons in the mutant mice was reduced greatly, and there were no obvious process defects when compared to the axon projection in wild-type (WT) mice ( Figure 6B and 6C) . Immunostaining of coronal sections with anti-5-HT showed a reduction in axon numbers in mutant mice (Figure 6B and 6C) . This finding might reflect the fact that Shh downregulation may not affect the high-to-low Shh gradient required for the caudal projection of serotonergic RST axons, but it might make the gradient shorter or less steep and thus less efficient in guiding descending serotonergic RST axons over a long distance. To investigate this possibility, we examined Shh expression in the A-P and M-L directions of the E12. Figure S10A and S10B). This finding indicated that the high-to-low repulsion gradient guiding serotonergic RST axons is dependent on the concentration of Shh, and the steepness and length of this gradient determine the efficiency of axon extension in the A-P direction. In addition, the concentration of Shh in the M-L direction was also reduced in Shh loxp/− mice compared to WT (Supplementary information, Figure S10C and S10D). However, the graded Shh distribution in the M-L direction still existed and is accordingly capable of restricting lesser amount of axons to the ventral and ventral-lateral funiculus.
Mice embryos electroporated in utero with Ptch1
Δloop2 were used to analyze loss of Ptch1 function in vivo.
Here, a constitutively active inhibitor of Ptch1 Δloop2 was expressed specifically in the region of the CRN. All Ptch1
Δloop2 -expressing, serotonergic RST axons in the mutants were stalled at the upper cervical spinal cord and did not project into the lumbar spinal cord ( Figure 7A and Supplementary information, Figure S1E ). Misguided, Ptch1
Δloop2 -expressing serotonergic axons that looped back and had incorrect termination were also observed ( Figure 7A ). In coronal sections, a significant number of Ptch1
Δloop2 -expressing serotonergic axons wandered to dorsal areas or to the midline ( Figure 7A ). The specific co-immunostaining pattern of EGFP and 5-HT in the E14.5 Ptch1
Δloop2 -electroporated CRN is shown in highmagnification images in Supplementary information, Figure S11 . The pathfinding errors of the Ptch1
Δloop2 -expressing serotonergic RST axons were verified by quantification of axon pathfinding behavior ( Figure  7B mediated by Shh-Ptch1 interactions is required to push the serotonergic RST axons caudally in the A-P direction and to restrict axons in the M-L direction to the ventral and ventral-lateral funiculus.
The Nestin-Cre; Smo −/− mouse is one of several lines of Smo conditional knockout mice in which Smo is deleted specifically in the central nervous system beginning at E10.5 [27, 28] . The development of serotonergic neurons is not altered in these mutants [32, 33] . To rule out the possibility that the patterning of the spinal cord was affected by the loss of Smo beginning at stage E10.5, we examined the patterning of the E11. We also counted the number of serotonergic neurons in the E12.5 CRN in both mutant and WT mice, and analyzed the expression patterns of the genes encoding Lmx1b and Pet1 that critically control the development of serotonergic neurons in the brainstem [34] [35] [36] . We found no significant changes in the expression patterns of Lmx1b and Pet1 in serotonergic neurons of the caudal brainstem (Supplementary information, Figure S12B and S12D). Moreover, we also counted the number of cells immunoreactive for Lmx1b and 5-HT, Pet1 and 5-HT, and 5-HT in the caudal brainstem, finding no significant difference in cell numbers in mutant mice compared to WT mice (Supplementary information, Figure S12C and S12E). We can thus conclude that the phenotype of the Nestin-Cre; Smo −/− mice was not affected by loss of serotonergic neurons.
Whole-mount immunostaining (anti-5-HT) of E14. -expressing serotonergic RST axons after Ptch1 ∆loop2 in utero electroporation. After Ptch1 ∆loop2 was electroporated in utero into the CRN of E12.5 mice, most of Ptch1 ∆loop2 -expressing, serotonergic RST axons were stalled and only projected very short distances into the cervical spinal cord. By comparison, serotonergic RST axons in the control pCIG2-EGFPexpressing serotonergic RST axons projected as far as the lumbar level (also see Figure 1E ). Some Ptch1 ∆loop2 -expressing serotonergic RST axons were significantly misguided and looped back in the anterior direction (white arrowheads). By comparison, pCIG2-EGFP-expressing serotonergic RST axons were tightly fasciculated and directionally uniform. Scale bar: 500 µm. In coronal sections, a bundle of spinal cords from Nestin-Cre; Smo −/− and WT mice showed that the majority of mutant serotonergic RST axons projected only into the cervical spinal cord, whereas WT serotonergic RST axons projected into the lumbar spinal cord ( Figure 7C and Supplementary information, Figure S1E) . As was the case with Ptch1
Δloop2 -expressing serotonergic RST axons, stalled and misguided branches were observed at the end of the axonal projections in Nestin-Cre; Smo −/− mice. Some of the stalled serotonergic RST axons along the A-P axis in Nestin-Cre; Smo −/− mice were clearly misguided, and demonstrated looping back and incorrect turning when compared to the tight and directed projection observed in WT mice ( Figure 7C ). In coronal sections of mutant spinal cord, a significant number of axons diverged to dorsal areas or wandered to the midline ( Figure 7C ). The serotonergic RST axons in E14.5 Nestin-Cre; Smo −/− mice were reduced in length and showed significantly misguided directionality ( Figure 7D ). These results strongly support the hypothesis that Shh repulsion not only directs serotonergic RST axons caudally but also restricts these axons to the ventral and ventral-lateral funiculus.
To further verify Shh repulsion of descending serotonergic axons, the Nestin-Cre; SmoM2 mouse was used as an Shh gain-of-function model. The Nestin-Cre; SmoM2 mouse is a transgenic mouse that constitutively expresses the active form of Smo and thereby increases Shh signaling, especially in the developing spinal cord [29] . In the Nestin-Cre; SmoM2 mouse, we found that serotonergic RST axonal projections were interrupted at the level of the upper cervical spinal cord (Supplementary information, Figures S13 and S1E) . Most of these axons showed looping back and anterior deflection to the brainstem (Supplementary information, Figure S13 ). This finding indicated that enhanced Smo-mediated repulsion as a result of overexpression of the active form of Smo in the spinal cord damaged the graded Shh-Smo repulsion in the spinal cord. Stronger posterior repulsion pushed the descending serotonergic RST axons back to the brainstem. These results strongly suggested that Shh signaling repulsively guides the descending RST axons in the spinal cord. Moreover, Smo is required to activate this repulsion.
We concluded that the Shh signaling pathway mediates multidirectional repulsion and is necessary to push descending serotonergic RST axons in the A-P direction, and to simultaneously restrict these axons in the M-L direction to the ventral and ventral-lateral funiculus. This mechanism is used by serotonergic RST axons for spatial axon pathfinding in the A-P and M-L directions in the developing spinal cord. Thus, our discovery reveals a model of axon guidance in which one guidance cue concurrently and coordinately provides multidirectional axon guidance to establish accurate axon wiring in three dimensions.
Discussion
Shh and Wnt may cooperate in A-P axon guidance
Previous studies have found that Wnt family members control the ascending commissural axons and the descending corticospinal tract (CST) axons along the A-P axis of the spinal cord by interacting with different receptors, such as Frizzled family members or Ryk [4, 5, 8, 37] . Shh signaling in the chicken directly repels anterior-projecting midline commissural axons by interacting with Hip and indirectly attracts these axons by regulating Wnt activity [6, 7] . These results strongly suggest that Shh and Wnt cooperate in post-crossing commissural axon guidance. A recent study has shown that Wnt5a attracts the descending serotonergic axons along the A-P direction in the mouse brainstem [14] . In our study, we found that Shh signaling controlled the caudal projection of serotonergic RST axons by repelling axons toward the low expression region in the caudal spinal cord. These findings suggest that the descending serotonergic RST axons are guided initially by attractive Wnt signaling in the brainstem and subsequently by repulsive Shh signaling in the spinal cord. Although Shh or Wnt independently guide axons along the A-P axis of the spinal cord, additional cross-talk at the level of surface receptors or intracellular signaling molecules also may be important because previous studies have shown that there is signaling cross-talk between Wnt and Shh that regulates cell patterning and neurogenesis during development of the central nervous system [38, 39] . We cannot exclude the involvement of additional potential guidance cues in other descending and ascending axon pathways adjacent to the commissural ascending axons, CST and RST. Here, we have verified that the Shh signaling cascade is also involved in RST axon guidance along the A-P axis of the developing spinal cord. Future investigations will explore possible collaborative mechanisms between the Wnt and Shh signaling pathways in A-P axon guidance.
Shh repulsion requires Shh-Ptch interactions and derepression of Smo in the mouse
Hip-mediated Shh repulsion reportedly guides commissural axons ascending along the longitudinal axis in chicken [6] . However, we showed here that Shh repelled descending axons in the opposite direction in the mouse. It seems paradoxical that Shh would repel descending axons in the opposite direction in the mouse than in the chicken. To address this discrepancy, we explored the expression gradient of Shh in mouse E11.5 spinal cords, a stage at which the ascending commissural axons begin to project anteriorly and the Shh gradient is thought to be already established. We excluded any technical problems by determining the level of Shh mRNA expression in the spinal cord of chicks of the same age. However, we did not observe a clear Shh gradient along the A-P axis of the mouse, in contrast to the obvious increasing A-P gradient in embryonic chicken spinal cord (Supplementary information, Figure S14A and S14B). It should be noted that several descending nerve tracts are absent or follow different pathways in the chick when compared to the mouse. In addition, previous work has demonstrated Shh-dependent repulsion via derepression of Smo in developing retinal ganglion cell axons in mice [40] [41] [42] [43] . Comparatively, Ptch and Smo are not involved in Shh repulsion of commissural axons in the chicken [6] . A reasonable explanation for these findings is that Shh-Hip interactions may repel ascending commissural axons uniquely in the developing chicken spinal cord and may not be relevant to the Shh repulsive signaling observed in the developing mouse spinal cord. Considering that commissural and RST axons are present and behave similarly in the two species, another plausible explanation is that the direction of the Shh gradient is time dependent because the projection of RST axons occurs much later than the projection of commissural axons in the mouse spinal cord. In mice, our studies and previous reports demonstrate Shh-dependent repulsion via derepression of Smo in developing retinal ganglion cell axons and spinal commissural axons [17, 18, 44] , which supports our contention that Shh repulsive signaling is mediated by Shh binding to Ptch1 and the subsequent derepression of Smo. In addition, the 5E1 antibody used in our culture assay can also block the binding of Shh to Hip [45] . Therefore, we cannot exclude Hip as a co-receptor with Ptch1 in our experiments. Future experiments must address these possibilities.
M u l t i d i re c t i o n a l a x o n g u i d a n c e i s b e t t e r t h a n monodirectional axon guidance
Studies on axon guidance cues have shown that soluble axon guidance cues can diffuse in more than one dimension [46] . In addition, axons project and navigate through a three-dimensional space. Therefore, monodirectional axon guidance is not adequate to establish the precise projection pathway. Two possible hypotheses may account for multidirectional axon extension: (1) a combination of axon guidance molecules are used to drive axon pathfinding in three-dimensional space, with each molecule responsible for a single direction; or (2) one axon guidance molecule acts multidirectionally to establish the
npg correct three-dimensional axon wiring. The present study convincingly demonstrates that the Shh signaling pathway is multidirectional because it simultaneously guided serotonergic RST axons in the A-P and M-L directions. The Shh signaling pathway also guides commissural axons in the dorso-ventral (D-V) direction [15] . We showed that one axon guidance molecule, Shh, concurrently drives serotonergic RST axons in multiple directions by repulsion down the descending tract, and toward the ventral and ventral-lateral funiculus.
An unidentified cue(s) may also play a role in positioning descending serotonergic axons in the spinal cord
Our study showed that Ptch1
Δloop2
-expressing or Smodeficient RST axons were more dorsally restricted in the spinal cord than normal RST axons. Quantification of the axon positioning in the spinal cord (Supplementary information, Figure S15) showed that, among the misguided serotonergic axons, 68% of Ptch1
Δloop2 -expressing axons wandered toward the midline and dorsal spinal cord, and 32% wandered toward the midline and stayed in the ventral spinal cord. In NestinCre; Smo −/− mice, we found that 61% of misguided serotonergic axons wandered toward the midline and dorsal cord, and 39% of misguided serotonergic axons wandered toward the midline and stayed in the ventral spinal cord. Therefore, we consider that another cue(s) affects axon positioning in the M-L or D-V direction, and it is very likely that the cue(s) is involved in positioning in the D-V direction. In particular, a cue(s) in the dorsal spinal cord may work together with Shh in the ventral spinal cord to determine the positioning of these axons. This result supports our speculation that Shh plays a role in the positioning of these axons, but another cue(s) in the dorsal spinal cord may also contribute to their positioning in the spinal cord.
An additional explanation is that Shh-Ptch-Smo signaling is required to keep the RST axons in the ventral half of the neural tube. It is also possible that higher concentrations of Shh at the midline repel the RST axons and that lower concentrations of Shh in the ventral-lateral spinal cord may attract the RST axons and keep them in that position, similar to the results found in an earlier study [42] .
The Shh-mediated repulsive or attractive response is determined by co-receptors or downstream signaling molecules
The canonical Shh signaling pathway plays a pivotal role in cell-fate specification during development. The binding of Shh to Ptch and Boc/Cdo activates Smo, and leads to the activation of the Gli family of transcription factors. Gli-dependent transcription results in global changes in the cell [47] [48] [49] [50] [51] . As an attractive axon guidance molecule, Shh binds to its receptors, Boc and Ptch, and this activates Smo [15, 52] . This then leads to the activation of the Src family kinase in commissural axons [16] . Previous work has shown a repulsive role for Shh in retinal ganglion cell axons during development [40] [41] [42] [43] . In the chick spinal cord, the binding of Shh to Hip repels post-crossing commissural axons [6, 7] . However, the components of the repulsive Shh signaling pathway have not been well identified in the mouse. In this study, we found in the mouse that Shh can also repulsively guide descending serotonergic RST axons in a Ptch1-Smo-dependent manner. This observation suggests that signaling downstream of Shh during axon guidance is more complicated than previously described. We suggest that Ptch and Smo mediate both the attractive and repulsive axon guidance of Shh and that a distinct surface co-receptor(s) or downstream molecule(s) may independently determine the outcome in different axons.
We also found that all axons behave in a similar way in Ptch1
Δloop2 -electroporated explants. Considering the efficiency of the ex utero electroporation, there should have been neurons that were not transfected with Ptch1
Δloop2 and thus should have responded to Shh axon guidance and behaved differently from transfected neurons. Recent studies on retinal axon growth reported that either cell-autonomous (retinal ganglion cell derived) Shh or non-cell-autonomous (midline derived) Shh appears to have a role in axon growth and guidance in retinal ganglion cells [17] . Therefore, we speculate that a non-cell-autonomous effect may contribute to the behavior of serotonergic axons in Ptch1
Δloop2 -electroporated explants. However, we need to further investigate the underlying molecular mechanisms of Shh axon guidance to clearly identify the switching mechanisms between Ptch-and Smo-dependent repulsion and attraction.
Shh signaling directly guides serotonergic RST axons in the developing spinal cord
Serotonergic axons from raphe nuclei in the brainstem descend to the spinal cord and ascend to various regions in the brain. The axons from several brainstem areas establish the serotonergic neural circuit in the central nervous system. Until recently, very little was known about the molecular mechanisms underlying the guidance of descending serotonergic axons from the RST, which is considered to be an inhibitory pathway involved in pain, sensory and motor functions. The serotonergic RST can be assessed in an anterograde fashion using simple immunohistology because the RST is the only source of serotonergic input to the developing spinal cord. In our study of Ptch1 and Smo mutants, we observed fatal axon pathfinding errors of serotonergic RST axons as they entered the spinal cord, demonstrating that Shh signaling is the primary cue that maintains spatial axon pathfinding for RST axons after they leave the brainstem. Despite these axon guidance defects, we observed that some serotonergic RST axons continued to descend a very short distance along the spinal A-P axis. We hypothesize that when these axons sprout from serotonergic neurons in the brainstem, they are able to extend a short distance before finding axon guidance cues in the spinal cord. A recent study showed that Wnt-Frizzled attractive axon guidance signaling underlies the extension of these axons in the brainstem [14] . However, this extension cannot continue in the spinal cord if the growth cones are unable to detect the appropriate Shh gradient. In this case, axons may stall or become disorientated in response to gradients of inappropriate cues. Indeed, after
Smo deletion or Ptch1
Δloop2 expression, we observed serotonergic RST axons in the A-P direction projecting for short distances, with some axons looping back. Similarly, along the M-L direction, we observed that some axons were misguided to the midline and dorsal area after Smo deletion or Ptch1
Δloop2 expression. We speculate that all of these errors in serotonergic RST axon pathfinding in Shh signaling-mutant mice are due to the inability to detect Shh signaling in both the A-P and M-L directions. This strongly supports the idea that Shh signaling is the direct axon guidance signaling system for the spatial projection of serotonergic RST axons in the spinal cord. However, we cannot exclude the possibility that another cue(s) (e.g., Wnt family members) also exists in the spinal cord and may play a collaborative role in the spatial pathfinding of serotonergic RST axons. In future investigations, we will explore whether Shh and Wnt cooperate to guide longitudinal axons in the mouse spinal cord and which mechanisms underlie their collaboration. 
Materials and Methods
Animals and treatments
Labeling the trajectory of developing serotonergic RST axons
Whole brains and spinal cords were dissected from E11.5 to E16.5 embryos and fixed in 4% paraformaldehyde (PFA). Immunostaining of whole mounts and transverse sections of spinal cords was performed by incubating samples with a polyclonal antibody against 5-HT (rabbit IgG; diluted 1:500; Sigma) and then with a Cy3-conjugated goat anti-rabbit IgG secondary antibody (1:500; Jackson Laboratory). Immunohistochemistry was carried out as described [53, 54] .
Analysis of Shh expression gradients in developing spinal cords
A 580-bp cDNA fragment at the 3′ end of the mouse Shh coding region was amplified by PCR using the forward primer, 5′-ACTTCCTCACCTTCCTGGAC-3′, and the reverse primer, 5′-CCCAAGGGATGCATGGTCTC-3′, and then cloned into vector pGMT (TaKaRa Biotech). Sense and antisense RNA probes for Shh were synthesized and labeled with a DIG RNA labeling kit (Roche). Embryonic spinal cords from stages E11.5 to E14.5 were dissected, fixed in 4% PFA and embedded in Tissue-Tek O.C.T. (Electron Microscope Science). Coronal sections (20 µm) were cryosectioned and collected along the A-P axis at 800-µm intervals or 20-µm thick horizontal sections were cryosectioned from the anterior to the posterior spinal cord. In situ hybridization was conducted as described [55] . Immunostaining for Shh was conducted using a polyclonal antibody against Shh (rabbit IgG; diluted 1:100; Santa Cruz Biotechnology) as described [31, 56] . The relative immunostaining intensity was analyzed using Image J software (NIH) and averaged from at least five replicate sets. Statistical analysis was performed using Student's t-test. All values are represented as mean ± S.E.M.
Analysis of Ptch1 and Smo expression patterns in embryonic CRN and projecting RST axons
cDNA fragments of the mouse Ptch1 and Smo coding regions were amplified by PCR [29, 57] and then cloned into pGMT. Sense and antisense RNA probes for Ptch1 and Smo were synthesized, and labeled with a DIG RNA labeling kit. Embryonic brainstems and spinal cords were dissected from mouse embryos and fixed in 4% PFA, and the CRN and pioneer serotonergic RST axons then were dissected from the tissue. Sagittal sections of 10-µm thickness were prepared (Figure 2A ). Coronal sections of embryonic spinal cords containing serotonergic RST axons were also prepared ( Figure 2F ). In situ hybridization was conducted as described [55] . Co-immunostaining was conducted using a monoclonal antibody against Ptch1 (mouse IgG; 1:100; R&D) or a polyclonal antibody against Smo (rabbit IgG; 1:100; Santa Cruz Biotechnology) together with a polyclonal antibody against 5-HT (goat IgG; 1:500; ImmunoStar). Negative controls consisted of preincubation of anti-Ptch1 with 10 µg/ml of recombinant Ptch1 protein or staining of tissue from a Nestin-Cre; Smo −/− mouse. Secondary antibodies (Cy2-conjugated goat anti-rabbit IgG or Cy2-conjugated goat anti-mouse IgG with Cy3-conjugated rabbit anti-goat IgG; 1:500) were obtained from the Jackson Laboratory. Immunohistochemistry was carried out as described [53, 54] . Pairs of digital images were merged after collection using a fluorescence microscope.
CRN explant assay
E12.5 mice embryos were sacrificed and placed in L15 medium (Gibco). Under a dissecting microscope, the whole brainstem and spinal cord were teased out using fine forceps while immersed in ice-cold L15. Unwanted portions of the brainstem were trimmed away, and ipsilateral CRN explants were dissected after identifying
npg the CRN using whole-mount immunostaining with anti-5-HT ( Figure 3A) . In most cases, only three explants were dissected from one ipsilateral CRN to guarantee the accuracy of tissue collection.
In the cell aggregate assay, COS1 cells were transfected with an Shh cDNA construct using FuGene 6 transfection reagent (Roche). COS1 cells that were transfected with empty expression vectors were used as controls [4, 5] . Immunostaining with anti-Shh (1:100; Santa Cruz Biotechnology) was conducted to examine Shh expression in transfected COS1 cells after overnight culture. Shhexpressing COS1 cells were aggregated as we have described [5] . The first layer of rat collagen gel was prepared and E12.5 CRN explants were dissected as described above ( Figure 3A) . COS1 cell aggregates and explants were transferred onto the polymerized collagen layer, with the explants facing the cell aggregates. A secondary collagen layer was placed on top of them to form an encasing collagen matrix.
In the A-P graded assay, using fine forceps and razor blade knives, each spinal cord was cut into two identical halves from the upper cervical to the thoracic level along the midline, like an open book, and trimmed to obtain 0.5-cm-long pieces ( Figure 4A ). Trimmed spinal cord samples were transferred onto dishes coated with a collagen gel layer, with the midline side of the spinal cord facing the surface of the collagen. Three ipsilateral CRN explants were placed in the A-P direction toward the ventral side of the spinal cord ( Figure 4A ). An additional layer of collagen was then added and polymerized at 37 °C.
For the M-L co-culture assay, E12.5 cervical spinal cords were cut transversely into 0.1-to 0.2-mm-thick slices, and the dorsal part was discarded (Supplementary information, Figure S7A ). Slices of the ventral spinal cord and the CRN explants were stored temporarily in ice-cold L15. Slices of the ventral spinal cord and the CRN explants were then transferred onto dishes coated with a collagen gel layer, and each CRN explant was oriented toward the lateral side of the ventral spinal cord slice (Supplementary information, Figure S7A ).
In the M-L graded assay, three explants from the E12.5 ventral cord in the M-L direction were dissected (A, B and C explants shown in Figure 5B and 5D) and immediately transferred onto collagen-coated dishes. Afterward, each explant was co-cultured individually with one ipsilateral CRN explant ( Figure 5D ).
After complete polymerization at 37 °C, all explants were cultured for 60 h in 0.5 ml of MEM supplemented with 10% fetal bovine serum. Culture growth was terminated by the addition of 4% PFA. Immunostaining was conducted with polyclonal anti-5-HT (1:500; Sigma) and the Cy3-conjugated goat anti-rabbit IgG secondary antibody (1:500) to label the growing serotonergic axons from the CRN.
Images were taken under fluorescence microscope. The total length of the axons emerging from explants was measured using Image J software (NIH). Quantification was based on the P/D ratio, which was defined as the ratio of axon length in the proximal quadrant to that in the distal quadrant. The experiment was repeated at least five times. The results are presented as mean ± S.E.M. and statistical significance was determined using Student's t-test [5] .
In vitro interference with the Shh signaling cascade
To block Shh activity, an antibody against Shh (5E1; DSHB) [18, 58] was added to the culture medium at a final concentration of 50 ng/ml and the vehicle for the antibody was used as a negative control. To block Smo activity, the antagonist SANT-1 (Sigma) [16] was added to the culture medium at a final concentration of 50 µg/ml, and the vehicle, dimethylsulfoxide (DMSO) was used as a negative control.
To block Ptch1 activity, Ptch1 Δloop2 Myc-IRES-EGFP or pCIG2-IRES-EGFP DNA [17, 23] (1 µg/µl with 0.05% fast blue in PBS) was electroporated ex utero into the CRN of E12.5 mouse embryos using an electroporator (ECM 830; BTX) and 5-mm forcep electrodes (CUY650-5; Protech International). Electroporation was performed by positioning the brainstem of each embryo between the forcep electrodes and administering 5 electric pulses (40 V, 100 ms) at 1-s intervals [59, 60] . CRN explants were micro-dissected after electroporation and immediately transferred to the culture assay. The culture medium was replenished daily. To identify Ptch1
Δloop2
-expressing serotonergic axons growing from the CRN, co-immunostaining with anti-GFP (mouse IgG; 1:1 000; Sigma) and primary antibody against 5-HT (rabbit IgG; 1:500; Sigma) was conducted. Immunostaining and quantification was conducted as described [53, 54] .
In utero electroporation
Pregnant 12.5-day C57BL6/J females were anesthetized by intraperitoneal injection of sodium pentobarbital (0.625 mg per 10 g body weight). The abdomen was opened and the uterine horns were exposed. The Ptch1
Δloop2 -Myc-IRES-EGFP or pCIG2-IRES-EGFP DNA solution (2 µg/µl with 0.05% fast blue in PBS) was injected into the CRN of each embryo using a graduated, pulledglass micropipette. The junction part of the hindbrain and the spinal cord of each embryo was placed between forcep electrodes (CUY650-5; Protech International) and 5 square electric pulses (40 V, 100 ms) were passed at 1-s intervals using an electroporator (ECM 830; BTX) [59, 60] . The wall and skin of the abdominal cavity were sutured and closed, and the embryos were allowed to develop normally until E16.5. −/− and Nestin-Cre; SmoM2 mutants, whole-mount immunostaining with anti-5-HT (1:500; Sigma) was conducted for 3 days at 4 °C, followed by immunostaining with Cy3-conjugated goat anti-rabbit IgG (1:500) overnight at 4 °C. For Ptch1
Analysis of mutants
Δloop2 -electroporated mutants, whole-mount coimmunostaining with anti-5-HT (1:500; Sigma) and anti-GFP (1:500; Sigma) was conducted for 3 days at 4 °C, followed by immunostaining with Cy3-conjugated goat anti-rabbit IgG (1:500) and Cy2-conjugated goat anti-mouse IgG (1:500) overnight at 4 °C. After washing with PBS, the whole-mount brainstems and spinal cords were transferred to slides, covered gently with coverslips and then observed under a fluorescence microscope. Images were collected and quantification was performed using Image J software (NIH). The length of descending serotonergic RST axons and the percentage of axon pathfinding errors were determined. The length of each group and the percentage of axon pathfinding errors were averaged from at least five replicate sets To ensure that our analysis was based on an unbiased system, we also examined the patterning of E11.5 spinal cord in Shh loxp/− and Nestin-Cre; Smo −/− mice by immunostaining with anti-Pax-6 (Rabbit IgG; 1:300; MBL), anti-Foxa2 (mouse IgG; 1:50; DSHB), anti-NKX2.2 (mouse IgG; 1:50; DSHB), anti-NKX6.1 (mouse IgG1; 1:100; DSHB) and anti-Olig2 (Rabbit IgG; 1:200; Millipore). Immunostaining was conducted using coronal sections from E11.5 spinal cord. The secondary antibody was Cy2-conjugated antimouse IgG (1:500) or Cy2-conjugated anti-rabbit IgG (1:500). Immunohistochemistry was conducted as described [55] .
To confirm that the observed axon pathfinding errors were not confounded with serotonergic cell development in the CRN of Nestin-Cre; Smo −/− mutants, co-immunostaining with anti-Lmx1b (rabbit IgG; 1:500) generated in Ding Lab [61] and anti-5-HT (goat IgG; 1:500; ImmunoStar), or anti-Pet1 (rabbit IgG; 1:500; Santa Cruz Biotechnology) and anti-5-HT was conducted using horizontal sections from the caudal brainstem, which contained serotonergic CRN neurons (Supplementary information, Figure S12A ). Secondary antibodies were Cy2-conjugated anti-rabbit IgG (1:500) with Cy3-conjugated anti-goat IgG (1:500). Immunohistochemistry was conducted as described [55] . Serial sections containing positive signals were taken pictures under fluorescence microscope. All pairs of digital images were collected and merged. The number of different immunoreactive neurons in the E14.5 caudal brainstem was counted stereologically in a physical disector using a fractionator paradigm as described [54] . In addition, we counted numbers of serotonergic neurons in the brainstem of E14.5 Shh loxp/− mice using the same methodology.
